Purpose: The aim of this study was to investigate the effects of fluid replacement by water or sports drinks on serum heat shock protein 70 (HSP70) levels and DNA damage during exercise at a high ambient temperature. Methods: Ten male college athletes with an athletic career ranging from 6 to 11 years were recruited from Yonsei University. The subjects ran on a treadmill at 75% of heart rate reserve during 4 different trials: thermoneutral temperature at 18°C (T), high ambient temperature at 32°C without fluid replacement (H), high ambient temperature at 32°C with water replacement (HW), and high ambient temperature at 32°C with sports drink replacement (HS). During each condition, blood samples were collected at the pre-exercise baseline (PEB), immediately after exercise (IAE), and 60 min post-exercise. Results: Skin temperature significantly increased during exercise and was significantly higher in H compared to T and HS at IAE. Meanwhile, serum HSP70 was significantly increased in all conditions at IAE compared to PEB and was higher in H compared to T at the former time point. Significantly increased lymphocyte DNA damage (DNA in the tail, tail length, tail moment) was observed in all trials at IAE compared to PEB, and attenuated DNA damage (tail moment) was observed in HS compared to H at IAE. Conclusion: Acute exercise elevates serum HSP70 and induces lymphocyte DNA damage. Fluid replacement by sports drink during exercise at high ambient temperature can attenuate HSP response and DNA damage by preventing dehydration and reducing thermal stress.
Introduction
Increased external temperature can exert an influence on cardiovascular, hormonal, and immune responses, and can also negatively affect performance during endurance exercise. 1 Hyperthermia and dehydration are also considered major limiting factors of exercise performance in the heat. 2 Previous studies have suggested that hyperthermia and dehydration, together with oxidative stress, are associated with heat-related exercise response, 1, 3 and that the production of free radicals resulting from exercise and/or heat stress is the cause of leukocyte DNA damage after exercise. 4, 5 DNA damage due to severe exercise stress in turn can lead to apoptosis and could partly account for exercise-related lymphopenia. 6 The induction of heat shock proteins (HSPs) may function in leukocytes as a protective mechanism against exercise, heat, and oxidative stress. 1 Fehrenbach et al. 1 suggested that a cause-andeffect relation was present between exercise-induced oxidative stress and HSP response. The protective functions of HSPs include the protection of cellular homeostasis and immune function through chaperoning protein assembly, degradation, translocation, and stabilization. 7 HSPs can be classified according to molecular weight (kDa) into the categories of 10 kDa, 20-30 kDa, 40 kDa, 60 kDa, 70 kDa, 90 kDa, and 100 kDa proteins. 8 Of these, HSP70 showed the greatest variation in expression in response to exercise stimuli. 8 In addition, HSP70 has been found to play a crucial role in thermotolerance 9 and to be induced rapidly by physiological stress factors such as pH changes in the body or glycogen depletion. 10 Furthermore, HSP70 expression in response to stress has been shown to play an important protective role against apoptosis 11 and in the regulation of apoptotic cell signaling. 12 Nuclear translocation of HSP72, a member of the HSP70 kDa family, was also reported to suppress the occurrence of apoptosis in DNA-damaged cells. 13 On the other hand, fluid replacement during exercise in the heat could attenuate the rise in body temperature.
14 Additionally, a previous study by Hillman et al. 3 suggested that exerciseinduced dehydration could increase oxidative stress but that fluid replacement could decrease thermal and oxidative stress during prolonged exercise in the heat. Sports drinks have also been reported to be more effective than water in fluid replacement for attenuating the increase in oxidative stress caused by dehydration. 15 However, to date, no in vivo study has assessed the heat shock response and DNA damage in leukocytes in a comparison between different fluid replacements.
Therefore, the present study aimed to investigate the effects of fluid replacement by water or sports drinks on serum HSP70 and lymphocyte DNA damage during exercise at a high ambient temperature among college athletes.
Methods

Subjects
Ten male college athletes (soccer, n = 5; rugby, n = 5) with athletic careers ranging from 6 to 11 years were recruited from Yonsei University. Subjects were non-smoking, non-drinking, and injury-and disease-free as determined by a health history questionnaire and physical examination. The baseline physical characteristics of the subjects are shown in Table 1 . All subjects provided informed consent, and the study protocol was approved by the Institutional Ethics Review Board of the Department of Physical Education at Yonsei University.
Preliminary tests
Preliminary tests included measurements of height, body composition (body weight, fat mass, and fat free mass), maximal exercising capacities (maximal oxygen consumption (VO2max), maximal heart rate (HRmax)) and hematologic parameters. Height was measured with a stadiometer (HD; STDK, Tokyo, Japan), and body composition was measured through bio-impedance body composition analysis with Inbody220 (Biospace, Seoul, Korea). The VO2max measurement was performed on a treadmill (Q65; Quinton, Seattle, WA, USA) according to the Bruce protocol, in which an increase of 2% in the incline and 0.8 mph in the speed occurs every 3 min from an initial incline level of 10% and a speed of 1.7 mph. 16 Gas analyses were performed with MetaMax 3B (Cortex, Leipzig, Germany) every 10 s to determine the volume of single ventilation, oxygen consumption, carbon dioxide emission, respiratory exchange ratio, and breathing rate per minute. HRmax was measured during the VO2max measurement with Polar a5 (Polar, Kempele, Finland). The following hematologic parameters were accessed using an automatic hematology analyzer (Sysmex XE-2100; Sysmex, Kobe, Japan): red blood cell count, white blood cell count, platelet count, hemoglobin concentration, hematocrit value, and neutrophil, lymphocyte, and monocyte percentages. Serum glucose concentration was determined by a hexokinase method using a commercially available glucose/hexokinase assay kit (Pointe Scientific, Canton, MI, USA). The absorbance was measured at 340 nm with an automatic analyzer (Hitachi, Tokyo, Japan).
General experimental design
The exercise intensity for the trials was set at 75% of heart rate reserve for each subject based on data obtained from screening tests. The subjects ran under 4 different conditions: a thermoneutral temperature at 18°C (T), high ambient temperature at 32°C without fluid replacement (H), high ambient temperature at 32°C with water replacement (HW), and high ambient temperature at 32°C with sports drink replacement (HS). The exercise intensity and humidity (50%) were identical in all trials. The trials were performed in the order of trial T, H, HW, and HS, and were each separated by 7 days to avoid any transient effects on the physiological and psychological conditions of the subjects.
The experimental condition of 18°C and 50% relative humidity is considered to be thermoneutral for physical activity and to be a comfort zone, since a low heat stress index has been reported for this condition. 17 In contrast, the condition at 32°C and 50% relative humidity is considered to be adverse because it frequently results in heat cramps. Based on the wet-bulb globe temperature index, sports events conducted under this condition are subject to cancellation. [17] [18] [19] Both experimental conditions (a thermoneutral environment and a high ambient temperature) were set up using an E series walk-in temperature and humidity chamber (ESPEC, Osaka, Japan). Table 1 Physical characteristics of the subjects at baseline (n = 10, mean ± SD). Abbreviations: Hct = hematocrit; Hgb = hemoglobin; LBM = lean body mass; RBC = red blood cell; VO2max = maximal oxygen consumption; WBC = white blood cell.
Skin temperature was calculated using the equation introduced by Watson et al. 20 based on the data collected from the chest, forearm, thigh, and calf with MSR12 (MSR Electronics GmbH, Henggart, Switzerland). The measurement timings were 8 times during rest, every 10 min during the exercise trial, immediately after the exercise trial, and 60 min post-exercise. Dehydration levels were calculated by the difference in the body weight between pre-exercise and immediately after the trial in the H group. An amount of plain water (Evian, Danone, France) or sports drink (Gatorade; Pepsi Co., Inc., Barrington, IL, USA) equal to the body weight loss after trial H was given to the subjects for fluid replacement, with multiple separations during exercise. Plain water and sports drink were prepared at 15°C, the temperature suggested providing the best absorption rate and sensation of refreshment. 21 In terms of nutritional information, the sports drink used in the current study contained 6% carbohydrate, 20.9 mEq/L Na 
Blood sampling and analyses
Blood samples were collected at the pre-exercise baseline (PEB), immediately after the exercise (IAE), and 60 min postexercise (60MPE) from the antecubital vein. For each of the blood sampling time points, serum pH levels, plasma lactate, HSP70, and lymphocyte DNA damage were determined.
Serum pH and plasma lactate analyses
Serum pH was detected with a Corning pH/Ion analyzer model 355 (Corning Inc., Corning, NY, USA). For analyzing the plasma concentration of lactate, potassium oxalate/sodium fluoride was added to the blood samples. The blood samples were subsequently centrifuged at 3000 rpm for 20 min, and the plasma was extracted for analysis. Ten microliters of the collected plasma samples was pipetted on an LAC DT slide using a DT pipette (Eastman Kodak, Rochester, NY, USA) with a microtip (Ortho-Clinical Diagnostics, Rochester, NY, USA). The absorbance was measured at 555 nm for detecting lactate using an Ektachem DT 60 clinical chemistry analyzer (Eastman Kodak).
Serum HSP70 analysis
The serum HSP70 concentrations were determined by an enzyme-linked immunosorbent assay (EIA) using a commercially available HSP70 high-sensitivity EIA kit (Assay Designs, Ann Arbor, MI, USA). The absorbance was measured at 450 nm with a microplate reader (Molecular Device, Palo Alto, CA, USA).
Lymphocyte DNA damage analyses
DNA damage was analyzed as described by Singh et al. 22 and Green et al. 23 For the Comet assay, whole blood was mixed with phosphate-buffered saline and poured gently over a peripheral blood lymphocyte separation solution (Histopaque-1077; Sigma Chemical Co., St. Louis, MO, USA). After centrifugation at 1450 rpm for 25 min, peripheral blood lymphocytes were transferred into another tube, mixed with 0.7% low-melting agarose, and added to slides precoated with 0.5% agarose. The cells were then lysed for 1 h at 4°C in a lysis buffer containing 2.5 mol/L NaCl, 100 mmol/L EDTA, 1% Triton X-100, 10% DMSO, and 10 mmol/L Tris, pH 10. After the lysis, the DNA was allowed to unwind for 40 min in an electrophoretic solution containing 300 mmol/L NaOH and 1 mmol/L EDTA (pH > 13). Electrophoresis was carried out at 30 V for 30 min. The slides were then neutralized with 0.4 mol/L Tris, pH 7.5, and fixed with ethanol. Finally, the DNA was stained by adding 60 μL of ethidium bromide (20 μg/mL) to each slide. Measurements were made using image analysis software (Komet 5.0; Kinetic Imaging, Liverpool, UK) and a fluorescence microscope (Leica, Wetzlar, Germany) equipped with an excitation filter of 515-560 nm and a barrier filter of 590 nm. Images from 50 cells were analyzed for each slide, and the parameters recorded were DNA in the tail (%), tail length (μm), and tail moment (% of DNA in tail × tail length). All steps were performed under dimmed light, and the electrophoresis tank was covered with black paper to avoid additional light-induced DNA damage.
Statistical analyses
Statistical analyses were performed with SPSS Version 17.0 for Windows (SPSS Inc., Chicago, IL, USA). Data are presented as mean ± SD unless otherwise stated. For identifying differences in normally distributed results, two-way repeated analysis of variance (ANOVA) was employed. When a significant interaction was apparent, the simple main effects on measured variables were determined using one-way ANOVA. Tukey's post hoc test was subsequently used to conservatively locate significant differences. Statistical significance was set at p < 0.05.
Results
Skin temperature
In trial T, the skin temperature was significantly increased from Ex.20 min (20 min of exercise) to IAE relative to that at Ex.10 min (p < 0.05; Fig. 1) . Additionally, trials H, HW, and HS showed significantly increased temperatures from Ex.10 min to IAE in comparison to PEB (p < 0.05). Further, the skin temperature was significantly higher from Ex.10 min to IAE in trials H, HW, and HS as compared to that in trial T (p < 0.05). At IAE, the skin temperature was significantly higher in trial H compared to that of trials T and HS (p < 0.05). However, there was no significant between trials H and HW (p > 0.05).
Serum pH level and plasma lactate
The pH and plasma lactate levels were significantly decreased and increased, respectively, at IAE relative to those at PEB in all trials (p < 0.05; Fig. 2) . Further, the pH levels were significantly lower at IAE in trial H as compared to trials T and HS (p < 0.05); however, there was no significant difference between trials H and HW (p > 0.05), while no significant differences in plasma lactate were observed between the trials at any of the blood sampling points.
Serum HSP70
The serum HSP70 levels were significantly increased at IAE as compared to PEB in all trials (p < 0.05; Fig. 3 ). In addition, the serum HSP70 at IAE was significantly higher in trial H as compared to trial HS (p < 0.05).
Lymphocyte DNA damage
Significantly increased DNA in the tail (Fig. 4A) , tail length (Fig. 4B) , and tail moment (Fig. 4C) relative to the levels at rest were observed at IAE for all trials (p < 0.05). Further, the tail moment was significantly higher in trial H at IAE as compared to trials T and HS (p < 0.05); there was no significant difference between trials H and HW (p > 0.05). However, no significant differences in DNA in the tail and tail length were observed between the trials.
Discussion
Skin temperature
In the present study, the skin temperature was significantly increased after exercise, with trials H, HW, and HS showing significantly higher values than trial T. These results are consistent with previous studies reporting that exercise at high ambient temperature and humidity as compared to a thermoneutral condition results in impaired heat-control capacity, thereby leading to higher body temperature and increased body fluid loss. 24, 25 We assume that the high ambient temperature condition (32°C, 50%) set for the current study impaired heat control capacity and thus lead to impaired homeostasis of body temperature. In addition, the skin temperature appeared to be significantly lower immediately after exercise in trial HS compared to trial H. These findings support the results of a previous study which showed that a rise in body temperature caused by prolonged exercise could be attenuated more effectively by sports drinks containing carbohydrates Significantly higher in H than T and HS (p < 0.05). H = exercise at high ambient temperature; HS = exercise at high ambient temperature with fluid replacement by sports drink; HW = exercise at high ambient temperature with fluid replacement by water; IAE = immediately after exercise; PEB = pre-exercise baseline; T = exercise in a thermoneutral environment; 60MPE = 60 min post-exercise. and electrolytes than by water, at the time of fluid replacement during exercise. 26 Glucose administered with fluid during exercise was previously reported to spare liver glycogen storage and to reduce the rate of gluconeogenesis, resulting in~6% reduction in heat production within the liver. 27, 28 Moreover, the study of Shi and Gisolfi 29 showed that the combination of increased osmotic pressure and unbalanced sodium levels results in a rise in body temperature, and that a drink containing glucose and electrolytes (e.g., sodium) can attenuate an increase in osmotic pressure and maintain body fluid volume by balancing electrolyte levels. Based on these previous findings, the relatively attenuated rise in body temperatures in trial HS as compared to the other trials in the current study can be attributed to the consumption of glucose and electrolytes contained in the sports drink.
Serum pH and plasma lactate
Generally accepted physiological variables that impair exercising capacity include pH and lactate levels. 30, 31 Lactate does not directly impair physiological functions; however, the increased hydrogen ion (H + ) levels that occur with lactate accumulation contribute to acidification, which can disrupt enzymatic activities associated with ATP production. Hence, the increased acidification can eventually induce fatigue and impair a number of physiological functions. 30, 32 In the current study, the pH was significantly decreased at IAE relative to PEB in all trials but was restored at 60MPE. The decreased pH induced by exercise eventually results from an accumulation of H + due to accelerated glycolysis. This decreased pH impairs enzymatic activities and cross-bridge formation during muscle contraction, resulting in the early onset of fatigue. At IAE, the pH in trial H was significantly lower than that in trials T and HS. Abbiss et al. 33 showed a linear inverse coefficient (r = −0.69) between core temperature and pH levels based on experiments involving 3 different conditions: hot (34°C), neutral (22°C), and cold (10°C). Consistent with this previous report, the current study showed that the lowest pH level after exercise occurred under the condition that induced the highest rise in body temperature.
An inefficient oxygen supply to the working muscles is well known to limit oxidative energy production and to increase the dependency on glycolysis, a shift that can result in high lactate levels. 34, 35 In the present study, the plasma lactate levels were significantly increased at IAE in all trials relative to PEB and had decreased to baseline levels at 60MPE. Although no significant difference between the trials was observed at IAE, plasma lactate levels were highest to lowest in the order of trials H, HW, HS, and T. These results are consistent with the previous study of Hargreaves et al. 36 which reported that during submaximal exercise, a non-hydration group had higher glycogen usage for energy production compared to a hydration group. Furthermore, increased blood viscosity due to decreased blood plasma results in higher cardiac stress, leading to the impaired clearance of metabolic by-products, including lactate. In the current study, trials HW and HS had relatively lower plasma lactate than trial H, and thus support the findings of Ali et al. 37 In this previous study, fluid replacement during highintensity exercise prevented excessive plasma loss, attenuated cardiac stress, and prevented a substantial decrease in oxygen supply to working muscles, which resulted in a lower production of plasma lactate. Given that lactate production is known to increase with every rise in body temperature, 37, 38 fluid replacement during exercise is assumed to contribute to lower plasma lactate and delay fatigue through attenuating an elevation in body temperature.
Previous studies have reported that the administration of fast-absorptive drink containing electrolytes restores oxygen supply to the working muscles by increasing cardiac output and subsequently the peripheral blood supply, as well as delaying acidification. 39, 40 Therefore, these previous studies and the current one support that administering sports drink during dehydrating conditions is more effective in attenuating acidification and delaying the onset of fatigue than administering water.
Serum HSP70
In the present study, serum HSP70 appeared to be significantly higher at IAE in all trials compared to PEB, consistent with the findings of previous studies that acute exercise increases serum HSP70. 41, 42 According to Puntschart et al., 42 30 min of treadmill running significantly increased serum HSP70 within skeletal muscle cells. Meanwhile, Suzuki et al. 41 reported significantly increased serum HSP70 after a triathlon race. Of interest in the current study, the serum HSP70 in trial HS appeared to be significantly lower than that in trial H. According to Sandström et al., 43 monocyte serum HSP70 is positively associated with body temperature with a moderate coefficient (r = 0.44). Moreover, Lovell et al. 44 reported higher serum HSP70 within peripheral blood mononuclear cells when heat shock was administered and suggested that serum HSP70 is temperature dependent. Given these reports, the lower serum HSP70 at IAE in trial HS as compared to trial H of the current study is likely attributable to the relatively lower rise in body temperature. Other studies support this discussion that HSP70 expression is induced during increasing oxidative stress. 9 An increase in oxidative stress by exercise-induced dehydration was determined to be independent of environmental conditions (e.g., atmospheric temperature) and was able to be attenuated through the maintenance of euhydration by fluid replacement during exercise. 4 A previous study has reported that after excessive dehydration (3% body weight), the intake of sports drinks rather than water was more effective for fluid replacement in the attenuation of oxidative stress. 15 In addition, serum HSP70 was reported to be influenced not only by thermal stress but also by pH 45 and glucose levels. 46 Taking these results together, the lower serum HSP70 in trial HS as compared to trial H can be attributed to rehydration attenuating a rise in body temperature and oxidative stress and to electrolytes and glucose in the sports drink possibly delaying the acidification of working muscles and increasing the efficiency of energy utilization.
Lymphocyte DNA damage
All 3 parameters for lymphocyte DNA damage (DNA in the tail, tail length, and tail moment) were significantly increased at IAE compared to PEB in all trials. Based on previous reports, the lymphocyte DNA damage likely resulted from the increased production of reactive oxygen species (ROS), particularly by the superoxide radicals generated by the high oxygen supply during high-intensity exercise. 47, 48 Previous studies have reported that acute exercise increases the parameters for oxidative stress. [49] [50] [51] Moreover, some studies have reported that increased DNA damage, as assessed by the Comet assay, follows acute exercise, 15, 52, 53 supporting the results of the current study. In particular, Paik et al. 15 reported increased DNA in the tail, DNA tail length, and DNA tail moment in lymphocytes at the completion of high-intensity treadmill running at 80% VO2max until exhaustion. Meanwhile, Mastaloudis et al. 53 reported a significantly increased DNA in the tail of leukocytes during a 50 km ultra-marathon for 7 h. In addition, Hartmann et al. 52 reported a significantly increased tail moment at the completion of a triathlon.
In the current study, the tail moment in trial H was significantly higher than that in trials T and HS at IAE. Pereira Ede et al. 54 suggested that dehydration is the most deleterious factor for oxidative stress based on their study results, which showed a 10-fold increase in oxidative stress after dehydration in yeast cells. Zuo et al. 55 showed higher ROS production in the diaphragm of rats under heat stress conditions (42°C) as compared to the control condition (37°C). In this previous study, a greater elevation in the core temperature was observed under the heat stress condition, suggesting a potential association between core temperature and ROS production. Given the findings of these previous reports, the elevated body temperatures and the subsequent dehydration possibly contributed to the increased lymphocyte DNA damage in the present study. By contrast, the fluid replacement by water or sports drinks may have attenuated lymphocyte DNA damage by reducing the 2 stressors of dehydration and exercise. Sports drinks were reported to be 4-fold more efficient in preserving plasma volume as compared to water, since sports drinks control osmotic pressure by replenishing electrolyte loss and enhancing the re-absorption of electrolytes by supplying glucose. Glucose functions by acting as a co-carrier for water and sodium in the proximal tubule of the glomerulus. 56, 57 Therefore, in the current study, attenuated DNA damage with fluid replacement by sports drinks during exercise in high ambient temperature is thought to be the result of a reduction in ROS production through the prevention of hypoxia and elevated body temperatures during exercise.
Conclusion
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